methylcytosine DNA glycosylases catalyzes plant demethylation via the well-known DNA base 23 excision repair process. Although the existence of active demethylation has been known for a 24 longer time in mammals, the means of achieving it remain murky, and mammals lack 25 counterparts to the plant demethylases. Several intriguing experiments have suggested, but not 26 conclusively proven, that DNA repair is also a plausible mechanism for animal demethylation. 27
Here we examine what is known from flowering plants about the pathways and function of 28 enzymatic demethylation and discuss possible mechanisms whereby DNA repair might also 29 underlie global demethylation in mammals. 30
31

DNA methylation and demethylation 32
5-methylcytosine is the only known epigenetic mark that can be inherited mitotically and 33 in some instances meiotically. DNA methylation is associated with common and critical 34 processes in both flowering plants and mammals, including transposon silencing and genomic 35 imprinting. But DNA methylation can also be removed, a process that is far less well 36 understood. The study of DNA demethylation has been led by research in plants, where it is clear 37 that a DNA repair pathway has been adopted for removing 5-methylcytosine from DNA. The 38 plant pathway, strongly supported biologically and biochemically, provide a framework to 39 critically examine possible mechanisms of demethylation in mammals. 40
The enzymes responsible for DNA methylation are conserved between plants and 41 animals, and their mechanisms of action are well understood 1 . DNA methylation is established 42 methylated regions of 5 examined imprinted genes as well as loss of methylation at non-111 imprinted sequences 15 . IAP (intracisternal A particle) and LINE (long interspersed nuclear 112 elements) transposable elements resist demethylation to a variable extent 15, 16 . Because the 113 doubling time of PGCs is 16 hours 17 , the almost complete loss of methylation observed for single 114 copy genes within a 24 hr time period suggests an active, rather than passive, demethylation 115 process. Genome-wide characterization of methylation in these cells could provide important 116 insights into the types of sequences subject to or protected from demethylation. 117
Demethylation in flowering plants 118
Active DNA demethylation is involved in two processes in angiosperms: gene 119 imprinting during reproduction and maintaining normal methylation patterns throughout the 120 plant 18 . Small RNAs direct DNA methylation establishment in plants. These mainly arise from 121 and target repetitive sequences such as transposable elements, which are generally highly 122 methylated in comparison to genic sequences. In particular, the 5' and 3' regions of genes are 123 generally depleted of methylation, where the accumulation of methylation can be detrimental to 124 gene function 19 . Active DNA demethylation appears to remove marks that encroach on genic 125 space 20, 21 . In this way plants enjoy a robust methylation defense system that silences transposable 126 elements without negatively affecting nearby genes. 127
As in mammals, imprinted genes play a crucial role in reproductive development. 128
Imprinting takes place in the endosperm, a tissue that supports embryo growth during seed 129 development and seedling germination. Active DNA demethylation has been implicated in plant 130 gene imprinting, although other chromatin-based mechanisms are also important 22 . . These data suggest that expressed maternal alleles of some imprinted genes are 144 actively demethylated in the central cell before fertilization. The egg cell nucleus and one of the 145 central cell nuclei are sisters, making it unlikely that passive loss of methylation due to 146 replication can account for methylation differences between the egg and central cell, although 147 recent data suggests it might also contribute to the process 27 . As the endosperm is a terminally 148 differentiated tissue that does not contribute to the next generation, there is no need for 149 methylation-resetting as there is in mammals. 150
For most of the Arabidopsis life cycle, active DNA demethylation, like DNA repair, 151 primarily serves a genome "housekeeping" function. To date, DNA demethylation appears only 152 to have a role in development with regard to the activation of imprinted genes essential for seed 153 viability. Similarly, not all of the active demethylation observed in mammals is necessarily a 154 developmental or essential event. Round spermatids can be successfully used for in vitro 155 fertilization in mice even though their DNA is only transiently demethylated in the zygote and is 156 then aberrantly remethylated 28, 29 . Thus biological function might come from the process of 157 demethylation itself, rather than the final methylation status of the DNA. 158 DNA repair as a mechanism for DNA demethylation 159
The search for enzymes responsible for demethylation has produced varied candidates 160 and reaction mechanisms 30 . These fall into three general categories 1) direct removal of the 161 methyl group from the 5C position of cytosine 31 2) base excision repair (BER) that leads to the 162 replacement of 5-methylcytosine with cytosine by either directly removing 5-methylcytosine or 163 through the directed deamination of 5-methylcytosine to thymine and 3) nucleotide excision 164 repair (NER) of DNA containing 5-methylcytosine. Here we focus on DNA repair-based 165 mechanisms. What are likely criteria for candidate demethylases? First, the demethylase must be 166 expressed in the cells in which demethylation occurs. Second, the reaction mechanism must be 167 fast enough to account for the observed rate of methylation changes. In mammals, the male 168 pronucleus is demethylated within just a few hours after fertilization. However, there has been no 169 genome-wide methylation profiling in any of the cells in which active demethylation occurs, 170 therefore the exact extent of demethylation is unclear. Finally, as all of the proposed DNA repair 171 mechanisms involve nicking the DNA backbone, a mechanism to ensure the prevention of 172 double stranded DNA breaks is required. It is with these criteria in mind that we consider the 173 evidence for candidate demethylases. In biochemical assays, ROS1, DME, DML2, and DML3 can remove 5-methylcytosine 204 from methylated olignucleotides, either in CG or non-CG contexts (both exist in plants). ROS1 205 and DME also excise thymine from T-G mismatches (the product of 5-methylcytosine 206 deamination), albeit at a somewhat slower rate, but cannot excise U from U-G or U-A 207 . DME inefficiently removes 5-methylcytosine if an opposing 221 AP site is present; this inhibition is reduced as the AP site is placed farther away from the 5-222 methylcytosine 25 . 223
A persistent challenge in the field of DNA repair is to understand how DNA glycosylases 224 recognize their targets among the vast excess of normal bases 43 . This might be a particular 225 problem for 5-methylcytosine DNA glycosylases, as 5-methylcytosine is not a damaged base, 226
and is correctly paired with guanine. This question can probably only be addressed by 227 determining the crystal structure of one of these glycosylases in contact with its substrate. 228
Additionally, how these enzymes work within the context of chromatin has not been explored 229
(Box 3). 230
Base Excision Repair and Demethylation in Mammals 231
Several different DNA repair based mechanisms have been suggested for animal 232 demethylation. These include processes initiated by DNA glycosylases, DNA 233 methyltransferases, and DNA deaminases. 234
Direct Removal of 5-methylcytosine 235
Long before the plant 5-methylcytosine DNA glycosylases were discovered, work in 236 animals suggested the existence of similar enzymes. Initially, 5-methylcytosine DNA 237 glycosylase activity was purified from chicken embryos along with T-G mismatch glycosylase 238 activity. The activity, which is RNase-sensitive, preferentially cleaves hemi-methylated double-239 stranded oligos compared to fully methylated oligos 44 . Subsequent mass spectrometric analysis 240 indicated that the active complex contained a homologue of human thymine DNA glycosylases 241 (TDG) 45 . Purified recombinant protein produced from the chicken TDG can remove 5-242 methylcytosine, but has 30-40 fold higher activity against T-G mismatches 45 . . TDG 288 interacts with various nuclear receptors, including estrogen receptor alpha (ERα), and can either 289 coactivate or repress transcription 60 ; however, TDG-mediated ERα stimulation does not require 290 DNA glycosylase activity 61 . 291
The suggestion that DNA methyltransferases can demethylate DNA raises further 292 questions. Why would the deamination reaction be favored over the methylation reaction, unless 293 SAM is completely absent? This type of demethylation mechanism would require that SAM 294 levels also rapidly cycle in vivo, on the order of tens of minutes, without producing inhibitory 295 concentrations of SAH. Considering the crucial importance of SAM in a wide variety of 296 biochemical reactions, it is difficult to understand how these requirements would be fulfilled. 297
Based and DNA-damage-inducible alpha) 64 . Gadd45a is a p53-inducible gene involved in a multitude 317 of cellular processes, including NER, although this involvement appears to be indirect 65, 66 .
Removing 30-nt stretches of DNA by NER could potentially lead to loss of 325 methylation by replacing methylated cytosines with cytosines during fill-in by DNA polymerase. 326
Alternatively, the involvement of XPG and Gadd45 might reflect roles in BER. XPG 327 stimulates BER of oxidative damage by the bifunctional DNA glycosylase/lyase Nth in vitro 68, 69 , 328 independent of XPG's nuclease activity. Furthermore, DNA damage induced by methyl 329 methanesulfonate, which is repaired exclusively by BER, is repaired more slowly in Gadd45α-330 null mouse cell lines than in wild type 70 . Given the evidence for involvement of XPG and 331 Gadd45α in both NER and BER, and the known in vivo targets of these two pathways, BER is 332 the more plausible mechanism. 333
Concluding remarks 334
Key questions remain in our understanding of demethylation and demethylases in both 335 flowering plants and mammals (Text Box 5). The conservation of de novo and maintenance 336 DNA methylation pathways, and the harnessing of DNA methylation for genomic imprinting in 337 both plants and animals, leads to the expectation that common mechanisms might also underlie 338 active demethylation. In plants, direct genetic and biochemical evidence demonstrates that 339 demethylation results from BER. However, the lack of orthologous glycosylases, and the 340 absence of genetic evidence tying BER enzymes to global demethylation has impeded progress 341 in understanding whether BER is also responsible for methylation removal in mammals. This 342 situation is likely to change in the near future. Advances in knockdown technologies make 343 possible surrogate forward-genetic screens for functional demethylases, and we expect these will 344 be hotly pursued. More routine use of high-resolution methylation mapping 71 coupled with 345 techniques that can distinguish maternal and paternal genomes 72 will be important for testing at 346 the genomic level global demethylation events observed thus far primarily cytologically. More 347 precisely defining the sequences subject to demethylation in mammals , as has been done in 348 uracil from U-A and U-G base pairs, removes uracil from a mononucleosomal particle at a rate 448 9-fold less than from naked DNA 76 . Notably, this does not cause disruption or sliding of the 449 nucleosome, even when U is removed from core DNA. A study of thymine glycol removal by 450 the human bifunctional DNA glycosylase NTH1 found that lesions facing away from the 451 nucleosome particle were excised almost as efficiently as in naked DNA, but that inward facing 452 lesions were excised 10 times less efficiently 
